Abstract-In this paper, a second-order decoupling design using a resonator and an interdigital capacitor is proposed for an MIMO antenna pair in mobile terminals. The proposed antenna pair consists of an interdigital capacitor and an open loop resonator. By properly combining the responses of the resonator and interdigital capacitor, a second-order decoupling performance can be achieved. Meanwhile, isolation between the two antennas is increased by at least 15 dB within the frequency band of interest, from −5 dB to −20 dB. Moreover, the decoupled antenna pair maintains good impedance matching performance from 2.4 GHz to 2.5 GHz. The proposed decoupled antenna pair and its coupled counterpart have been fabricated and measured. The measured results agree with the simulation ones. The proposed MIMO antenna pair is an eligible candidate for Wi-Fi MIMO applications in the 2.4 GHz band.
INTRODUCTION
In a next generation wireless communication system, the demand for high rate and more reliable data transmission is dramatically increasing. Multiple-input multiple-output (MIMO) [1] systems have been widely deployed and seem to be the most promising technology for further boosting data throughput. However, in real-world systems, antennas must be closely packed. The mutual coupling and correlation between antennas are therefore inevitably high.
Currently, various methods have been used to decrease antenna mutual coupling [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . In [2] , a parasitic ring resonator with half wavelength is used. In [3] [4] [5] , neutralization lines are introduced to create a second path of current, while the radiation patterns of the antennas with the line will be affected. In [6] , a small branch is introduced to improve the antenna to antenna isolation with a fractional bandwidth of 12.4%. Eigen-mode has also been used in MIMO antenna decoupling designs, as reported in [7] [8] [9] , and the orthogonality of the modes is utilized. Artificial metamaterial structures as a good approach are used in [9] [10] [11] . Electromagnetic band gap (EBG) structures [10] [11] [12] are used to suppress surface wave propagation for decreasing the mutual coupling in a wide band. Split ring resonator (SRRs) units with negative magnetic are introduced to reduce mutual coupling in a highprofile MIMO antenna design [13] . Defected ground structure (DGS) as an effective artificial unit is etched on the ground as shown in [14] . Coupled resonator decoupling network (CRDN) is reported in [15] [16] [17] [18] [19] [20] , which can realize a high-order isolation response for wideband applications.
In this letter, a new decoupling method for MIMO antennas is presented. An interdigital capacitor and an open loop resonator are introduced between two monopole antennas to decrease their mutual coupling. By combining the response of the resonator and interdigital capacitor, a second order decoupling performance with wide bandwidth can be obtained. The proposed antenna pair is fabricated and measured. The detailed design process and measured results for the proposed antennas are shown in the following sections.
ANTENNA CONFIGURATION
The evolution of the proposed decoupling antenna is shown in Fig. 1 . As shown in Fig. 1 , ant 1 design is a monopole antenna pair with poor isolation. The pair of monopole antennas is printed on the top layer of an FR4 substrate with a dielectric constant of 4.4, a loss tangent of 0.02, and a thickness of 1.6 mm. A rectangular ground plane is printed on the bottom layer of the substrate. In ant 2 design, an open loop resonator is introduced between the coupled antenna pair, but the impedance and isolation performances are not ideal. Therefore, an interdigital capacitor is connected between the coupled antenna pair as shown in ant 3. By properly combining the responses of the two resonator structures, a second-order isolation performance is obtained, and the impedance matching becomes good. The geometry of the decoupled antenna pair is shown in Fig. 2 . With the help of the high-frequency structure simulator, the sizes of the proposed antennas are optimized and shown in Table 1 . 
MEASUREMENT RESULTS AND DISCUSSION
As shown in Fig. 3 and Fig. 4 , the high-frequency structure simulator HFSS15 is used to analyze the coupled and decoupled antennas, and then the prototypes of the coupled and decoupled antennas are fabricated based on the dimensions shown in Table 1 . The Keysight E5080A vector network analyser is used to measure the S-parameter performance. Fig. 3 shows the simulated and measured results of the S-parameters for the coupled antenna pair. The impedance matching bandwidth is 590 MHz from 2.2 to 2.79 GHz with |S 11 | less than −10 dB, while the isolation of the coupled antenna pair is about −6 dB in the same band, which is very poor for MIMO transmission and reception. In Fig. 4 , the simulated and measured S parameters for the decoupled antenna pair are superposed. The isolation performance at the WLAN band exceeds 20 dB, which demonstrates that the open loop resonator and interdigital capacitor are effective. Meanwhile, the impedance matching is well maintained simultaneously in the desired band. The antenna pair's radiation performances are evaluated in a SATIMO SG-24 near field scanner. In Fig. 5 , the measured total efficiency for the coupled and decoupled antenna pairs are presented. The total efficiency considering both radiation efficiency and reflection efficiency for the decoupled antenna pair are about 60%, while the total efficiencies for the coupled antenna pair are about 53%. Moreover, the envelope correlation coefficient (ECC) as an important figure of merit is also calculated from measure complex patterns. The calculation can be conducted using Equation (1) .
where E 1 (θ, φ) is the electric field radiated by antenna 1 with antenna 2 terminated by a matched load.
Similarly, E 2 (θ, φ) is generated by antenna 2 with antenna 1 terminated by a matched load. Subscript θ means the theta component of the radiated electric field while subscript φ indicates the phi component of the radiated electric field.
The ECC curves for the coupled and decoupled antenna pairs are shown in Fig. 6 . And the values of the ECC for decoupled antennas are about 0.005 in the desire band. Therefore, the decoupled antennas can be a good candidate for any MIMO systems.
To further study the performance for the decoupled antennas, the radiation patterns are investigated. The measured radiation patterns of the primary polarization for coupled and decoupled antennas (in x-z plane, y-z plane) at resonant frequency 2.45 GHz are shown in Fig. 7. 
CONCLUSION
In this letter, an MIMO antenna pair with a second-order decoupling performance is proposed. The prototypes of the coupled and decoupled antenna pairs are fabricated and measured. Due to the introduction of an open loop structure and an interdigital capacitor, the isolation performance for the decoupled antenna pair decreases 14 dB compared to the coupled antenna pair in 2.4 GHz band. Moreover, the efficiencies, ECCs, and the radiation patterns for the proposed decoupled antenna pair are satisfactory. Therefore, the designed antenna pair is very suitable for Wi-Fi MIMO applications.
